A study of the effect of surfaces on oxygen atom recombination at low pressures Technical status report, 1 Nov. 1968 - 30 Apr. 1969 by Reeves, R. R., Jr. et al.
Technical Status Report No. 4 
A Study of the Effect of Surfaces on Oxygen Atom 
Recombination at Low Pressures 
Rensselaer Polytechnic Institute 
Troy, N.Y. 
1 November 1968 to 30 April 1969 
Research Grant No. NGR-33-018-086 
RPI Project 441.22 
P. Harteck 





Equipment has been des igned ,  b u i l t ,  and ope ra t ed  over  t h e  las t  
two years s i m u l a t i n g  s a t e l l i t e  environment f o r  t he  s tudy  of t h e  ef-  
f e c t  of s u r f a c e s  i n t e r a c t i n g  w i t h  0-atoms. The most p e r t i n e n t  
metals from the  s t andpo in t  of c u r r e n t  use  ( s i l v e r ,  t i t a n i u m ,  gold  
and s t a i n l e s s  s t e e l )  have a l l  been tes ted .  The r e s u l t s  show t h a t  
these  are n o t  good me ta l s  f o r  f a b r i c a t i o n  under many c o n d i t i o n s  of 
s a t e l l i t e  mass spec t romet r i c  measurements. These r e s u l t s  are 
b a s i c a l l y  i n  accord w i t h  t h e  observed s a t e l l i t e  measurements. 
A modif ied s y s t e m  i s  now operable  f o r  r a p i d  t e s t i n g  of addi-  
t i o n a l  promising materials. It i s  planned to o b t a i n  a d d i t i o n a l  
r e s u l t s  w i t h  mix tu res  of  oxygen and H-atoms as atomic hydrogen i s  
a l s o  a c o n s t i t u e n t  of  our  r a r e f i e d  upper atmosphere. 
I n t r o d u c t i o n  
The p r e s s u r e  regime w i t h i n  which t h e s e  s t u d i e s  are made i s  
such tha t  a l l  gases  p r e s e n t  have mean f ree  pa ths  much greater than  
t h e  l a b o r a t o r y  appa ra tus .  S ince  atomic oxygen c o l l i d i n g  w i t h  any 
material may be des t royed  it i s  no t  unusual  t o  observe a t o t a l  l o s s  
o f  any r e a c t i v e  s p e c i e s  when s p e c i a l  c a r e  i s  not  t aken .  The ap- 
proach used here was t o  e x t r a p o l a t e  from an  exper imenta l  arrange-  
ment used s u c c e s s f u l l y  s e v e r a l  years e a r l i e r  i n  t h e  loe2 t o r r  pres- 
s u r e  range.  
A s t ep  b y  s t e p  mod i f i ca t ion  has been made i n  t h e  appa ra tus  to 
a r r i v e  a t  an  e f f i c i e n t l y  working s y s t e m  which can g ive  a r a p i d  de- 
t e r m i n a t i o n  of a recombinat ion c o e f f i c i e n t  f o r  a s u r f a c e .  A s y s -  
t e m a t i c  s e a r c h  i s  underway t o  o b t a i n  p r a c t i c a l  materials of 
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c o n s t r u c t i o n  t o  use  under t h e  unique cond i t ions  of  space.  
A l l  t h e  r e s u l t s  to -da te  have been compatible w i t h  t h e  l i t e r a -  
t u r e  va lues  and/or t h e  s a t e l l i t e  measurements. T h i s  i s  very g r a t i -  
f y i n g  but  does no t  y i e l d  a d i r e c t  s o l u t i o n  t o  t h e  problem. Perhaps 
one important  p o i n t  should be noted ;  t ha t  i s ,  a f i rs t  o r d e r  loss 
mechanism has been observed i n  a l l  c a s e s  to-da te  i n d i c a t i n g  t h a t  
under these c o n d i t i o n s  the  0-atom l o s s  i s  only p r o p o r t i o n a l  to t h e  
concen t r a t ion  of  oxygen atoms. 
Experimental  
The exper imenta l  appa ra tus ,  as used and modif ied,  has been de- 
s c r i b e d  i n  prev ious  r e p o r t s .  B r i e f l y ,  an oxygen atom stream i s  
genera ted  i n  t h e  1 t o r r  p r e s s u r e  r eg ion  and t h e  0-atom concentra- 
t i o n  determined by t i t r a t i o n .  A small s ide-s t ream i s  d i r e c t e d  i n t o  
t he  t h e  very low p r e s s u r e  r e a c t i o n  s y s t e m  i n  t h e  t o r r  o r  l ess  
r eg ion .  F i r s t  t h e  0-atoms were shown t o  s u r v i v e  t h e  flow s y s t e m  
when no metal was p r e s e n t  by f r e e z i n g  t h e  r a d i c a l s  w i t h  l i q u i d  
helium. The ozone produced q u a n t i t a t i v e l y  on warming could then  be  
measured. Subsequently us ing  a 5A adsorbent  o r  s i l i c a  g e l  t h e  ozone 
could be  f rozen  out  w i t h  l i q u i d  n i t r o g e n  ra ther  than  helium, but  
the  i n t e g r a t e d  measure of  0-atoms v i a  ozone formed permi t ted  only 
a slow p o i n t  by p o i n t  accumulation of  data. However, t h e  observed 
formation of ozone i n  both  c a s e s  had the  very  important  asset  of  
confirming without  q u e s t i o n  the e x i s t e n c e  of t h e  0-atom stream. 
An e v a l u a t i o n  of  t h e  l a t e s t  equipment and techniques  used f o r  
l i g h t  measurement showed t h a t  t h e  chemiluminescent technique  t h a t  
3. 
we had used i n  the 
extended t o  t h i s  t o r r  range.  A pho tomul t ip l i e r  w i t h  a con- 
t i nuous  ou tpu t  could w i t h i n  a f e w  seconds g i v e  a reasonable  O-atom 
recombinat ion c o e f f i c i e n t .  A t  f i rs t  l i q u i d  helium was used f o r  
pumping but  a h igh  c a p a c i t y  vacuum s y s t e m  w i t h  an  a l l  g l a s s  co ld  
t r a p  i s  now used.  A schematic of t h i s  l a t e s t  arrangement i s  shown 
i n  f i g u r e  1. Details are not  shown f o r  the l i g h t  traps (Wood's 
h o r n s ) .  A s p e c i a l l y  designed a l l  g l a s s  (MALPHI) va lve  i s  used ex- 
t e n s i v e l y  to avoid i n t e r a c t i o n  w i t h  O-atoms (see f i g u r e s  1 and 2 ) .  
t o r r  p r e s s u r e  r e g i o n  i n  the p a s t  could be  
A sample can now be brought i n t o  t h e  s y s t e m ,  t e s t ed ,  and removed 
us ing  a s t o r a g e  chamber which i s  inco rpora t ed  i n t o  t h e  r e a c t i o n  
chamber v i a  ano the r  l a r g e  g l a s s  va lve .  S i x  o r  more t e s t  specimens 
can be s t o r e d  and each tes ted  separately under b a s i c a l l y  t h e  same 
cond i t ions  w i t h  b lank runs  made between each without  exposing t h e  
s y s t e m  t o  t h e  atmosphere. T h i s  chamber i s  shown i n  f i g u r e  2 .  
Summary of  Experimental  R e s u l t s  
I n  t h e  last  two years s t u d i e s  have shown t h a t  gold,  s i l v e r ,  
s t a i n l e s s  s tee l  and t i t a n i u m  are a l l  g e n e r a l l y  poor me ta l s  to be  
used as exposed s u r f a c e s  i n  t h e  i n l e t  s y s t e m s  o f  s a t e l l i t e  mass 
spec t rometers .  A l l  these metals i n t e r a c t  s i g n i f i c a n t l y  w i t h  0- 
atoms and a complete c h a r a c t e r i z a t i o n  of  t h i s  i n t e r a c t i o n  i s  d i f -  
f i c u l t .  I n s u l a t i n g  materials such as enamel ch ips  were found t o  
i n t e r a c t  w i t h  t h e  O-atoms as s t r o n g l y  as t h e  metals t e s t ed .  The 
most i n e r t  material to date i s  g l a s s  (Pyrex) of  which t h e  appa- 
r a t u s  i s  cons t ruc t ed .  Typica l  recombination e f f i c i e n c i e s  f o r  
oxygen atoms on va r ious  s u r f a c e s  a t  room temperature  are given 
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6 .  
i n  Table  I. The o v e r a l l  method used  i n  t h i s  technique  t o  o b t a i n  
the  data and from t h i s  c a l c u l a t e  y has been g iven  p rev ious ly .  I n  
t h e  Appendix, however, i s  a l s o  g iven  a d e s c r i p t i o n  i n  g r e a t e r  de- 
t a i l  t o  f a c i l i t a t e  a more complete unders tanding .  The r e s u l t s  ap- 
p e a r  t o  be r easonab le  i n  connec t ion  w i t h  o t h e r  work i n  t h e  l i t e r a t u r e  
a t  cons ide rab ly  h i g h e r  p r e s s u r e s .  
Aluminum may prove t o  o f f e r  a promisingly i n e r t  s u r f a c e .  A t  
t h e  lower p r e s s u r e s  used t o r r )  so  far on a l i m i t e d  number 
of  samples more r a p i d  recombinat ion occurred  t h a n  was expected and 
a d d i t i o n a l  s tudy  i s  needed t o  s e e  i f  t h i s  i s  g e n e r a l l y  t r u e  o r  a 
f u n c t i o n  of t h e  p a r t i c u l a r  group of  specimens, s u r f a c e  t r ea tmen t ,  
o r  o t h e r  f a c t o r s .  A ceramic sample s t u d i e d  had a r e l a t i v e l y  high 
recombinat ion r a t e  f o r  O-atoms. S e v e r a l  o t h e r  promising spec i -  
mens have been ob ta ined  f o r  t e s t i n g .  One i s  a ceramic of e s p e c i a l -  
l y  low p o r o s i t y  (Mikroy 750 of Molecular D i e l e c t r i c s ,  I n c . ) .  
It should be emphasized tha t  an i n e r t  s u r f a c e  such as a "prop- 
e r l y  prepared" aluminum may be s table  and o p e r a t e  s a t i s f a c t o r i l y  
f o r  extended p e r i o d s .  Other metals may a l s o  b e  s a t i s f a c t o r y  and 
b a s i c a l l y  i n e r t .  However, go ld  and s imilar  metals a r e  appa ren t ly  
b a s i c a l l y  r e a c t i v e  o r  i n t e r a c t i n g  w i t h  t h e  oxygen atoms e s p e c i a l l y  
when c a r e f u l l y  c leaned  o r  baked. Such r e a c t i v i t y  i s  p a r t i c u l a r l y  
detrimental  when a s i g n i f i c a n t  number of c o l l i s i o n s  may occur  be- 
f o r e  e n t e r i n g  the  i o n i z a t i o n  chamber of the mass spec t rometer .  
I n  each  case the  decay of t h e  a f t e r g l o w  was observed t o  de- 
c r e a s e  e x p o n e n t i a l l y  w i t h  t i m e  i n d i c a t i n g  t h a t  the oxygen atoms 
were des t royed  by a f irst  o r d e r  p rocess  p r o p o r t i o n a l  t o  t h e  
7 .  
TABLE 1 
TYPICAL RECOMBINATION EFFICIENCIES FOR OXYGEN ATOMS ON 
VARIOUS SURFACES AT ROOM TEMPERATURE 
Metals 
* 
Gold p la te  ( s u p p l i e d  by NASA)  
Gold s h e e t  
A 1  (commercial u n t r e a t e d  f o i l )  
A 1  1100  (rough s u r f a c e )  
S t a i n l e s s  S tee l  
N i  
Ag** 
*** 
T i  ( c l e a n  s u r f a c e )  
*** 
T i  (ox id i zed  s u r f a c e )  
Non-Metals 











> O .  05 
>o.  05 
<0.001 
<o. 0 0 0 1  
0.016 
*The r e p o r t s  o f  Wise and Wood g i v e  s e v e r a l  va lues  f o r  y f o r  gold 
cons ide rab ly  h ighe r  t h a n  these.  Evalua t ion  of d i f f e r e n c e s  i n  
c o n d i t i o n s  d i d  not  y i e l d  a reasonable  exp lana t ion  al though t h e  
v a r i a t i o n  i n  t h e i r  va lues  (0.065-0.27) may imply an i n h e r e n t  
l i m i t a t i o n .  A r e c e n t  s tudy  by Myerson (J .  Chem.  Phys 50, 1228  
( 1 9 6 9 ) )  ob ta ined  a va lue  of 0.005 i n  t h e  t o r r  p r e s s u r e  range.  
** The s i l v e r  s u r f a c e  becomes oxid ized  and more r e a c t i v e  w i t h  
t i m e  . 
***Ti + 0 + T i O f  ( e v a p o r a t e s ) ;  T i 0  + 0 -t T i  + 0 ; and T i 0  + 0 -+ 
T i 0  . 
0-agom congumption f o r  an extended per iod .  
T i 0  i s  a p p a r e n t l y  i n e r t ,  bu t  T i 0  v o l i t a l i z e s  and can cause 
8.  
0-atom concen t r a t ion .  T h i s  was t r u e  when NO was added as a stable 
r e a c t a n t  and t h e  l i g h t  i n t e n s i t y  of  t he  r e a c t i o n  ( N O  t 0 
monitored. T h i s  w a s  a l s o  t r u e  when S O  was used t o  gene ra t e  t h e  
l i g h t  by t h e  r e a c t i o n  S O  t 0 + SO2 t hv where t h e  oxygen atoms must 
gene ra t e  t he  SO v i a  t he  r e a c t i o n  C O S  t 0 + CO t S O .  The l i g h t  i n -  
t e n s i t y  i n  t h i s  c a s e  showed a second o r d e r  loss as would be expected 
s i n c e  w i t h  no metal p r e s e n t  the  0-atoms and S O  were pumped away 
s imultaneously.  
-+ NO2 t h v )  
Discuss ion  
The product  of  the  r e s e a r c h  to-da te  has been t h e  e v a l u a t i o n  of 
t h e  recombination c o e f f i c i e n t ,  y ,  as i s  g iven  i n  T a b l e  1. The ob- 
v ious  q u e s t i o n s  are t h e  c o r r e c t n e s s  of these v a l u e s ,  what are y T s  
f o r  o t h e r  metals, and does y change as o t h e r  parameters such as t h e  
a d d i t i o n  of  H atoms as would be  p r e s e n t  i n  t he  s a t e l l i t e  environ- 
ment. The r e s u l t s  appear  t o  be i n  l i n e  w i t h  t h e  known experimental  
f ac t s  from t h e  s a t e l l i t e s  and recombination c o e f f i c i e n t s  found a t  
low p r e s s u r e s  might be a n t i c i p a t e d  t o  be less t h a n  o r  equa l  t o  
Myerson's r e s u l t  of  0.005 i n  t h e  1 t o r r  p r e s s u r e  range. Our r e s u l t s  
of 0.006 and 0.0033 r e p o r t e d  p r i o r  t o  Myerson's p u b l i c a t i o n  are i n  
amazing agreement cons ide r ing  t h e  v a r i a t i o n  t ha t  may occur  from one 
gold  sample t o  ano the r .  
One may o b j e c t  i n  p r i n c i p l e ,  however, t o  t h e  use  of  t h e  chemi- 
luminescent method as extended f o r  t h e  0-atom concen t r a t ion  measure- 
ment. The enormous e f f o r t  now be ing  made a t  Bonn on a v a r i e t y  of  
atmospheric problems a t  low p r e s s u r e  has a l r e a d y  y i e lded  r e s u l t s  
s t r o n g l y  suppor t ing  our  conclus ions .  Many works, however, have 
9 .  
contradicted this generally due to a lack of understanding of the 
problems of back diffusion for gas and reaction kinetics at very 
low pressures. A discussion concerning these problems of back dif- 
fusion is given in the Appendix. 
Our approach attempts to evaluate surfaces to be used in 
satellite mass spectrometry utilizing our extended chemilumin- 
escence technique. Alternatively, a mass spectrometer could be 
used to measure precise oxygen atom concentrations. Normally, 
however, this cannot be done in the laboratory because of similar 
problems to those found in the satellite spectrometers. To 
achieve accurate 0-atom concentrations in this way elaborate ex- 
perimental equipment is necessary including differential pump- 
ing with the reaction chamber maintained at relatively high pres- 
sures. The appearance af a variety of residual impurities such as 
CO, C02 and H20 which are known to contribute to the background 
16 peak create additional problems for the mass spectrometrist. 
Since one group is already heavily committed in this direction 
our alternate approach seems particularly attractive. The re- 
sults to date appear to justify the approach and are particular- 
ly gratifying. 
A paper was presented at the ACS meeting in Minnesota en- 
titled "Catalytic Recombination of Oxygen Atoms on Metal Surfaces 
in the An additional to l o m 6  torr Pressure Range" in April. 
paper related to the topic was presented to the International 
Chemiluminescence Conference at Hot. Springs, California in March 
entitled "Chemiluminescence in the Gas Phase from Oxygen Atom 
10. 
Reactions". A copy of the paper t o  be submitted as part of the 
latter conference will be forwarded in the near future. A 




Back Diffusion and Titration Errors 
A major difficulty in oxygen atom studies is the loss of 
oxygen atoms by back diffusion. The resultant lowering of atom 
concentration frequently results in a misinterpretation of data. 
The following example is a simple case illustrating the problem. 
Consider Poiseuille's equation for flow of a gas through a 
tube 
16 Lq Po 
0 





which the volume flow rate 
2 in dynes/cm 
point (1) in dynes/cm . 
point (2) in dynes/cm . 
2 
2 
length of the tube between points (1) and 
( 2 )  in cm. 
radius of the tube in cm. 
viscosity of the gas in poise. 
12. 
Let = 20 millitorr, P2 = 17 millitorr, L = 200. em, 
R = 10 em, q = 2 x lom4 poise, and Po = 20 millitorr. Then since 
1 millitorr corresponds to a pressure of 1.33 dynes/cm2 equation (1) 
becomes 
5 3  = 3.62 x 10 em /see. 
to find the velocity of the gas stream (v) in the tube divide 
the volume flow rate by the cross sectional area of the tube. Thus 
the velocity of the gas flow is (3.62 x 10 em /sec)/(3.14)(10) or 
v = 1.15 x 10 cm/sec. 
5 3  2 
3 
If a trace concentration (Co) is introduced at point (2) and 
its concentration at some point (X) upstream due to diffusion 













is desired one must consider Fick's law of dif- 
dX 
the number of particles crossing a lcm2 area/sec. 
2 the diffusion coefficient in em -see. 
c r o s s  sectional area of tube in em . 
the concentration in particles/cm . 
2 
3 
distance upstream from the point of introduction. 
eoncentration gradient in particles/cm . 4 
d X  
13 
Thus i n  t h e  case  of t h e  tube of t h i s  example 
d t  dx 
Rearranging this becomes 
( 3 )  
cX 
D 
I n t e g r a t i n g  t h e  above equa t ion  from x = 0 t o  x = x and C x  = Co 
t o  Cx  = Cx it becomes on rearrangement 
Cx  = Co exp (-vX/D) ( 5 )  
T h i s  equa t ion  ( 5 )  i s  g e n e r a l l y  known as t h e  Hertz equat ion .  I f  w e  
i n s e r t  v = 1.15 x l o 3  cm/sec arid 
i n t o  ( 5 )  i t  becomes 
= Co exp - (  ) X  = Coexp (-0.15 X ) 
cX 7 .6  103 
or . Thus it i s  seen t h a t  a t  a -0.0657X cx = co 1 0  
d i s t a n c e  of  X = ( i /ao657)  = 15.2 cm upstream Cx = C o / l O .  
Likewise  Cx = C o / l O O  when X = 30.4 em. 
t h e  above example t h e  t r a c e  impur i ty  concen t r a t ion  a t  a d i s t a n c e  
15.2 em upstream from p o i n t  ( 2 )  i s  one-tenth ( 1 0 % )  of  t h a t  a t  
T h i s  i s  t o  say tha t  i n  
the p o i n t  of i n t r o d u c t i o n ,  ( 2 ) .  
1 4 .  
With this example as a basis consider the trace concentra- 
tion t o  be oxygen molecules formed from 0-atoms at point (2), 
where ( 2 )  may in reality be the location of the cold trap (refer 
to figure 3). Then, by the conservation of mass 
[o;J = [02Jo + ~ 2 )  Eo] 0 [exp (-VX/D)] ( 6 )  
where [oJ = concentration of o2 at any point (XI. 
[oJ = concentration of o2 at point (1) upstream 
where exp (-vX/D) approaches zero. 
[ o ]  = concentration of 0-atoms at point (XI, 
[Ole = concentration of 0-atoms where 
exp ( - v X / D )  approaches zero. 
The one step NO2 titration method utilizes the following 
reactions : 




NO2 t 0 + NO t O2 
NO t 0 -+ NO2 + hv 
NO2 is added until the afterglow is extinguished. 
(8) is much faster than ( 9 )  all added NO2 is converted t o  NO so 
that [NO] = [Nodadded. 
rate expression for (9) one gets 
Since reaction 
Incorporating this into the differential 
Introducing expreaon (7) into equation (10) it becomes: 
bfl = k2 [NOJ ( [ O ] ,  -[Nod ) [l-exp(vX/D)] . (11) 
d t  
d [hfl i s  s e t  equa l  t o  ze ro  and one f i n &  t h a t  LO], = [NOJ added a t  
d t  
e x t i n c t i o n  o f  the  l i g h t  i n t e n s i t y .  A t  t h i s  p o i n t  it should be ap- 
p a r e n t  t ha t  t h i s  t i t r a t i o n  g i v e s  t h e  upstream concen t r a t ion  LO],. 
Thus i f  one wants the  t r u e  oxygen atom concen t r a t ion  [OIx one must 
t i t r a t e  t o  f i n d  [O] ,  and t h e n  c a l c u l a t e  [0lx from equa t ion  ( 7 ) .  
The two s t e p  t i t r a t i o n  method a l s o  uses  r e a c t i o n s  ( 8 )  and ( 9 )  
bu t  t h e  procedure i s  d i f f e r e n t .  
maximize t h e  l i g h t  i n t e n s i t y , d [ h d ,  
I n  t h i s  method NO2 i s  added to 
fol lowed by a measure of  NO 
d t  
t ha t  must be  added t o  equa l  t h a t  i n t e n s i t y .  A s  be fo re ,  t h e  r a t e  
equa t ion  f o r  r e a c t i o n s  ( 8 )  and ( 9 )  i s  
d t  
Then t o  maximize t h e  l i g h t  i n t e n s i t y ,  d i f f e r e n t i a t i n g  and s e t t i n g  
equa l  t o  ze ro  one sees t h a t  
From t h i s  fo l lows  t h a t  [o], = 2 bog added a t  t h e  maximum. 
o r  %'I max 4 
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I n  the second s t ep  one adds NO to equa l  t h i s  maximum i n t e n s i t y .  
It i s  found t h a t  
dt knax 
= k2 [Oc [l-exp(-vX/D)] . 
- T h i s  shows tha t  upon completion of t h e  t i t r a t i o n  t h e  added - 
[O]o/4. 
t r u e  oxygen atom c o n c e n t r a t i o n  a t  a p o i n t  where back d i f f u s i o n  i s  
involved .  
Thus a g a i n  w e  see t h a t  t h e  t i t r a t i o r ,  w i l l  no t  g ive  t h e  
Exper imenta l ly  one may e a s i l y  set up a s y s t e m  where back d i f -  
f u s i o n  w i l l  be  a problem u s i n g  t h e  Hertz  equa t ion  as a guide .  
One may t h e n  p l a c e  h i s  l i g h t  d e t e c t o r  a t  any p o i n t  ( X )  and de- 
te rmine  [O],. If t h e  d e t e c t o r  i s  moved toward t h e  co ld  t r a p  t h e  
i n t e n s i t y  w i l l  f a l l  o f f  -as exp(-vX/D). One can no t  e x p l a i n  this 
i n t e n s i t y  dec rease  as a consumption of 0 atoms b y  NO o r  a de- 
c r e a s e  i n  t o t a l  p r e s s u r e  as one may e a s i l y  c a l c u l a t e .  
Determinat ion of Recombination E f f i c i e n c y  ( y  ) 
The f r a c t i o n  of oxygen atoms lost on c o l l i s i o n  w i t h  a 
metal s u r f a c e  ( y )  i s  determined from the decay curve o f  l i g h t  
i n t e n s i t y  as a f u n c t i o n  of t ime.  The appa ra tus  ( f i g u r e s  1 and 2 )  
i s  opera ted  as a s t e a d y - s t a t e  flow s y s t e m  w i t h  t h e  decay 
occur r ing  when the  oxygen atom supply t o  t h e  r e a c t i o n  v e s s e l  i s  
i n t e r r u p t e d  by  t u r n i n g  o f f  t h e  d i scha rge .  I f  the  system i s  
c l e a n  and no me ta l  specimen i s  p r e s e n t ,  t he  oxygen atoms w i l l  
e f f u s e  out  o f  t h e  r e a c t i o n  v e s s e l  through t h e  hole  ( f i g u r e  1) 
r a t h e r  t h a n  s u f f e r  any s i g n i f i c a n t  l o s s  due t o  recombination 
i n  the v e s s e l .  S ince  t h e  mean f r e e  p a t h  of  t h e  atoms i s  much 
greater than  t h e  dimensions o f  t h e  v e s s e l  t h e  e f f u s i o n  r a t e  
corresponds t o  t h e  s imple  k i n e t i c  formula,  
N/n = cA/4 , where 
N = number atoms pe r  second p a s s i n g  through t h e  
- ho le  o f  a r e a  A,  
n = atom d e n s i t y  pe r  em3 i n  t h e  v e s s e l ,  
c = average v e l o c i t y  of t h e  atoms i n  cm/sec, and 
A = area o f  t h e  hole  i n  em . 2 
The dec rease  i n  t h e  number of  oxygen atoms, -d(O)/dt ,  f rom 
the  t o t a l  number, ( O ) ,  i s  nocA/4. 
volume of t h e  v e s s e l ,  one may s t a t e  t he  above r e l a t i o n  as 
Since (0)  = noV, where V i s  t h e  
-d(O)/dt = -cA/4 = cA/4 
v ( 0 )  *OV 
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T h i s ,  a f t e r  rearrangement and i n t e g r a t i o n  i s  
Thus by a u s u a l  d e f i n i t i o n  of  a decay ha l f - l i fe  t h k s  g ives  
From the  above, one should n o t i c e  t h a t  vary ing  t h e  ho le  
s i z e  ( A )  changes e f f u s i o n  rate of decrease  i n  oxygen atom 
concen t r a t ion  which i s  p r o p o r t i o n a l  t o  the  i n t e n s i t y  of chemi- 
luminescence observed. S ince  t h i s  decay i s  exponen t i a l ,  i t s  
ha l f - l i fe  (t;,2) can be measured. Note a l s o  that  t h e  s t eady  
s ta te  p r e s s u r e  i n  t h e  f l a s k  i n c r e a s e s  i n v e r s e l y  w i t h  t h e  hole  
s i z e .  I n  Table  I1 are shown t h e  decay t i m e s  (tYl2) and 
s teady  s ta te  p r e s s u r e s  f o r  a given througkputof gas  and f ixed  
volume. 
Table I1 
Decay h a l f - l i v e s  of l i g h t  i n t e n s i t y  and s t eady  s t a t e  pres T!d r e  for 
a 6 l i t e r  f l a s k  w i t h  a throughput of approximately 4 x 1 0  
p a r t i c l e s  p e r  second. 
Area h / 2  P res su re  








1 . 5 2  
1.9 
3.8 
1 . 0  
2 .6  
4 
5 
1 0 .  
The p r e s s u r e  r ead ings  on t h e  i o n  gauge w i l l  no t  be e n t i r e l y  c o r r e c t  
s i n c e  t h e  oxygen o x i d i z e s  p a r t s  and i n a c c u r a c i e s  r e s u l t .  
t h i s  a check i s  made us ing  argon: 
To avoid 
The v e s s e l  be ing  used exper imenta l ly  has a volume of s i x  
l i t e r s  w i t h  t h e  a r e a  of the ho le  v a r i a b l e .  The h a l f - l i f e  of t h e  
0-atoms i n  t h e  v e s s e l  ( the  h a l f  l i f e  of l i g h t  i n t e n s i t y )  i s  then 
s i n c e  the pumping speed corresponding t o  0-atoms e f f u s i n g  o u t  
o f  t h e  f l a s k  through a one square  cen t ime te r  ho le  i s  ( 6 . 3  x 1 0  ) ( 1 ) / 4  
4 3  or 1 . 6  x 10 em / see .  
4 
For a me ta l  s u r f a c e  of a r e a  Am in t roduced  i n t o  t h e  system and 
d e s t r o y i n g  oxygen atoms w i t h  an e f f i c i e n c y  o f  y ,  t h e  above 
a n a l y s i s  must be modif ied such t h a t  i f  equa t ion  ( l 7 ) i s s e t  equal 
t o  equa t ion  (18 )  one g e t s  
4v 4v 4v 
o r .  t;/2 = (1 + yAm/Ao) which i s  
*o  - Y 
Am (t;,2 / tl/2)-1 
equ iva len t  t o  - - 
m 
Thus i f  one measures a decay ha l f - l i fe  without  a me ta l  sample 
p r e s e n t  (t&*) which corresponds t o  an e f f e c t i v e  hole  a r e a  ( A o )  
as w e l l  as a tm 
o r  f i g u r e  1 4  t o  f i n d  a p r e c i s e  y . EquatPon ( 2 0 )  i s  p l o t t e d  i n  
f i g u r e  4 .  
f o r  a known A, one may use equat ion  ( 2 0 )  1 / 2  
20. 
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